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INTRODUCTION 
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Large scale genome-sequencing projects, run over the last fifteen years by 
different laboratories, made possible to elucidate the complete nucleotide 
sequence of one or more strains of over 300 bacterial species. The 
availability of wholly-sequenced genomes also stimulated investigations 
aimed to understand the functional organization of the bacterial 
chromosomes, and reconstruct how they have been remodeled in evolution 
by processes of gain and loss of genetic material (Frank et al., 2002; Achaz 
et al., 2003; Audit et al., 2003; Rocha and Danchin, 2003; Chain et al., 
2004; Rocha, 2006). In prokaryotes, approximately 90% of the DNA is 
codogenic. A significant fraction of intergenic DNA, which separate ORFs 
(open reading frames), is composed by repetitive DNA sequences. In many 
species, repetitive DNA significantly contribute to the genetic landscape, 
and changes in the distribution of members of repeated DNA families 
among strains are routinely exploited for diagnostic purposes (van Belkum 
et al., 1999).  
The main class of repetitive DNA sequences, located in prokaryotic 
genomes, is represented by IS (insertion sequences), genetic mobile elements 
feature by long terminal inverted repeats (TIRs) ranging in size from 10 to 40 
bp. The ISs vary in size from 750 to 2500 bp and are capable to codify for a 
transposase, necessary for their transposition. The IS integration often 
determine a target site duplication; accordingly insertion site analyses show that 
ISs are always flanked by short direct repeats (DR), ranging in size from 2 to 14 
bp. The ISs are able to provoke different types of genetic arrangements, like 
deletions and inversions, which determine assembly of genes with specialized 
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functions in clusters. Moreover ISs may be involved in activation or inhibition 
of genetic expression (Mahillon et al., 1999).  
Prokaryotic genomes contain different classes of repetitive DNA 
sequences which have a more shorter size (40-300 bp) than ISs. Some 
laboratories are interested, in the past, in characterizing these sequences, 
defining their genomic organization and asking themselves on possible 
functional roles that these sequences may have. The biological effects caused 
by DNA repeats are different. Knowledge on the function of sequence repeats 
derive mostly from analyses carried out on the short (40 bp) palindromic 
repeats, found in E. coli and other enterobacteriaceae, called REPs. REPs can 
work both as DNA and RNA elements. As DNA elements. REPs are targets for 
the DNA gyrase (Yang and Ames, 1988), and may act by alleviating torsional 
stresses accumulated in the chromosome by transcriptionally induced positive 
supercoiling. REPs may also act as determinants of segmental RNA stability, 
by protecting from degradation the upstream segments of mRNAs in which 
they are embedded (Higgins et al., 1988).  
In the last few years it has been identificated, in a great number of 
vertebrate and invertebrate genomes, mobile DNA sequences called MITEs 
(Miniature Inverted-repeat Transposable Elements; Feschotte et al., 2002). 
MITEs are transposable elements non autonomous, i.e. are inable to codify for a 
transposase but have in cis sequences necessary for their transposition. MITEs 
are <600 bp long and are featured by TIRs. It is noted that RUP (repeat unit of 
pneumococcus) elements, located in the genome of S. pneumoniae, are an 
example of MITEs in prokaryotes. The mobilization of these elements may be 
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mediate by the transposase codified by IS630-Spn1 (Oggioni and Claverys, 
1999). Another example of MITEs is represented by NEMIS (Neisseria 
Miniature Insertion Sequences) repeat family, which has been well analyzed 
and characterized in the laboratory where I have spend my period of doctorate. 
NEMIS elements are short DNA elements of 108-158 bp featured by 26-27 bp 
long TIRs and represented 2% of N. meningitidis genome. NEMIS elements are 
frequently inserted at 5’ or 3’ of coding regions and are co-transcribed with 
genes. At RNA level, these elements fold into stem-loop structures (SLSs) and 
the hairpins formed by TIRs of NEMISs are processed by ribonuclease III 
(RNaseIII). This interaction regulate the expression of genes, which are flanked 
by NEMIS repeats, at the post-trascriptional level (Mazzone et al., 2001; De 
Gregorio et al., 2002, 2003). 
In the last few years, we have been interested in defining the 
organization and the possible role of abundant families of small sequence 
repeats punctuating the chromosomes of Yersiniae. On the basis of in vitro and 
in vivo assays, we reached the conclusion that most members of the Y. 
enterocolitica ERIC (Enterobacterial Repetitive Intergenic Consensus 
Sequence) and YPAL (Yersinia palindromic elements) families function as cis-
acting RNA regulatory sequences, controlling at the post-transcriptional level 
the rate of expression of neighbouring genes (De Gregorio et al., 2005; 2006). 
The folding into SLSs is crucial for the functioning of all these sequences as 
RNA control elements. On the base of these results, we thought of interest to 
investigate on the occurrence of families of intergenic prokaryotic sequences 
able to fold into SLSs in a systematic fashion. To this end, wide-genome 
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analyses have been carried out in a representative set of 40 prokaryotic 
genomes (Petrillo et al., 2006). Populations of isolated SLSs have been 
subsequently screened by a combination of criteria, pruning procedures leading 
to the identification of SLS subsets which share similarities in sequence and a 
predicted secondary structure (Cozzuto et al., 2007). Most of these sequences 
appear to be members of repeated DNA families. Some correspond to already 
known families, but a number of them represents novel ones (Cozzuto et al., 
2007).  
This study provides information on structural organization, patterns of 
chromosomal interspersion, folding aptitudes and evolutionarily relatedness of 
the predominant SLS types identified in the prokaryotic genomes analyzed. 
Results integrate data emerging from earlier surveys on repetitive sequences 
carried out on bacterial chromosomes and add knowledge to the field in many 
respects. The functional roles that specific SLS-containing repeats may play in 
different genomes are also discussed. 
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AIM OF THE THESIS 
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In the present study, I have analyzed and characterized 27 repeated DNA 
families able to fold, at RNA level, into SLSs. The analyzed SLS-containing 
sequences are been searched by bioinformatic analyses carryed out with a 
systematic manner in 40 wholly-sequenced bacterial genomes, constituting a 
representative sample of the prokaryotic world in terms of evolutionary 
distance, genome complexity and GC content. 
Some families are repetitive DNA elements already described in 
literature, others are novel. On the base of SLS size and folding type, we have 
distinct SLS-containing repeats in two main groups: type-I and type-II. SLSs 
formed by type-I elements vary in size from 40 to 60 bp. On the base of their 
structural organization these elements are been subdivided in two subtypes: 
type-IA and type-IB. Type-IA are capable to fold into a single hairpin, while 
type-IB elements, in virtue of their dimeric organization, may form a secondary 
structure featuring two hairpins. Type-II group include an heterogeneous set of 
SLS-containing repeats, varying in size from ˜50 to ˜300 bp long. On the base 
of their potentially formed secondary structure, type-II elements are been 
distinct in type-IIA and type-IIB. The folding of type-IIA elements is directed 
by TIRs complementarity and therefore these repeats fold into stable canonical 
SLSs. In contrast, the two type-IIB elements, BruRS and EFAR, are able to fold 
into a peculiar secondary structure featured by two SLSs connected by a 15-20 
bp spacer. 
On the base either of literature data either of our results obteined by 
experimental analyses, carry out on two repetitive DNA families, ERIC and 
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YPAL, we belive that the folding into SLSs is essential for the functional role 
that these elements assumed as modulators of RNA decay. 
Hairpins formed by transcripts ERIC+, according to their orientations and their 
relative position in mRNA, may increase or decrease the degradation of 
trancripts ERIC+ from degradative machinery of bacterial RNAs, known as 
degradosome. Similarly hairpins formed by mRNA YPAL+ are processed by 
RNase III. The cleavage may modulate tournover of transcripts YPAL+, and 
expression levels of homologous trancripts YPAL+ and YPAL- in different Y. 
enterocolitica strains are in fact quite different. 
In contrast to ERICs and YPALs, EFAR sequences lack TIRs. The secondary 
structure of EFAR sequences are featured by a short SLS1 and a long SLS2 
separated by a 20 bp long unfolded segment. Through in silico analyses, the 
identification of EFAR sequences corrisponding only to the short SLS 
corroborate the hypothesis that EFAR repeats derived from the fusion of 
indipendent SLSs.  
13 
 
 
 
 
 
 
 
 
 
MATERIALS AND METHODS 
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Genomic sequence data 
Complete genomic sequences and their annotations about CDS, rRNA and 
tRNA were downloaded from the online repository made available at The 
Institute for Genomic Research (TIGR). Automatic annotations have been 
stored into a SQL database (SLS-DB), for further analysis. 
 
Constraints established for SLS identification 
SLS identification was performed by using the program rnamotif of the package 
RNAMOTIF, version 2.1.2 (Macke et al., 2001) according to the following 
rules: 
-GU pairing in the stem was allowed 
-the minimal stem length was 12 bp 
-loop length could vary from 5 to 100 nt 
-1 bulged or 1 mispaired base, at least two matches away from the ends of the 
stem, was allowed. 
As a consequence of the constraints imposed, the smallest SLS that could be 
found is 29 bp. 
The Gibbs free energy (dG) of each SLS containing region was calculated by 
calling the built-in function efn2 of rnamotif. The minimum free energy with no 
constraint for SLS formation was obtained by running the program mfold 
developed by Zuker and coworkers (Mathews et al., 1999) on the SLS 
sequences. 
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Refinement of the initial clustering 
Out of the SLSs previously identified in 40 bacterial genomes (Petrillo et al., 
2006) only those predicted to fold with a free energy <–5 Kcal/mol were 
selected to look for sequence repeat families (Cozzuto et al., 2007).  
For each genome, selected SLSs were clustered according to a procedure based 
on BLAST and MCL programs (Altschul et al., 1990, Enright et al., 2002). In 
order to identify all family members of each cluster, a pipeline was developed, 
based on cycles of alignment by PCMA and search on the genome by HMMER 
package tools (Bateman et al., 1999). 
 
Aptitude to form a stable secondary structure 
SLS ability to fold into a reliable secondary structure was analyzed by using 
RANDFOLD (Bonnet et al., 2004), which compares the predicted minimum 
folding energy (MFE) of a sequence with those of a large number of random 
shuffles of the same sequence. Conserved secondary structures were predicted 
by RNAz analyses (Washietl et al., 2005).  
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RESULTS 
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A systematic analysis of a representative set of bacterial genomes produced a 
large collection of sequences, potentially able to fold into high stability SLSs 
(Petrillo et al., 2006). Some of these SLSs were shown to have strong similarity 
with each other, and a pipeline combining sequence clustering and Hidden 
Markov Model (HMM) based searches, was developed. This strategy led to the 
definition of 92 families of SLS-containing sequences exhibiting sequence 
similarity. One third of the families had no shared secondary structure, and has 
been detected mostly because of the incidental presence of SLSs within large 
repeated sequences. Some of the structured families were found within CDSs, 
where the formation of secondary structures in the RNA is expected to be 
limited by the translation machinery. Others resulted from the recurrence, in the 
genomes of Pasteurella multocida, Haemophilus influenzae and Neisseria 
meningitidis, of short oligonucleotides called DUS (for DNA uptake sequence) 
located at close distances in head-to-head orientation. All such families were 
not analyzed in this study. The SLS-containing sequences analyzed here are 
mostly located in the intergenic space. Consequently, except for those located at 
the boundary of genes, the folding of such sequences as RNA elements is 
presumably unaffected by translating ribosomes.  
On the basis of SLS size and folding aptitude, SLS-containing 
sequences may be sorted into two main categories or sequence types (Table I). 
Type-I elements have the potential to form secondary structures consisting of 
10-20 bp double-stranded stems, which delimit single-stranded loops ranging 
between 4-15 nt. On the basis of their genomic organization, the elements 
belonging to this group can be further subdivided into type-IA and type-IB 
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subtypes, with type-IA repeats typically scattered along the chromosome as 
single units, and type-IB frequently organized as dimers. Elements of type-IB 
families may often be found in larger arrays of up to 7 to 10 copies.  
Type II elements are longer than type I, and their termini can be 
delimited by the duplication of bases at the insertion site. On the basis of their 
folding characteristics, these sequences have been sorted into two main subsets. 
Type-IIA elements fold into the canonical one hairpin structure, while type-IIB 
elements fold into more complex, two hairpin, structures.  
Properties of type-I and type-II elements are discussed below. 
 
Type-I elements, group A 
Consensus sequence and predicted secondary structure of type IA elements are 
shown in Fig. 1. Except for REP 2 (Parkhill et al., 2000), all these elements 
have not been previously described. Pae-4 and Myt-1 define moderately 
abundant (40 to 60 units) DNA families, accounting for ˜0,05% of the whole 
DNA of P. aeruginosa and M. tuberculosis, respectively. Homology searches 
revealed that Pae-4 elements are restricted to the P. aeruginosa genome, while 
small Myt-1 families, including only 21 and 9 intact members, have been found 
in the sequenced M. avium paratuberculosis and M. smegmatis MC2 strains, 
respectively. Pae-4 family members feature 12-13 bp long stems, which result 
from the adjoining of an outer AT-rich and an inner GC-rich segment, separated 
by 4 nt loops (Fig. 1), and can be viewed as a sequence-specific variant of short 
SLSs over-represented in the genomes of all low-GC firmicutes, which are 
characterized by terminal A4 and T4 runs (Petrillo et al., 2006). Myt-1 elements 
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feature stems ranging in size from 20 to 26 bp, and loops varying in size from 
18 to 8 nt (Fig. 1). The abundance of the two Myt-1 sequence types is 
comparable. Myt-1 are distributed throughout the M. tuberculosis genome, and 
differ from already known repetitive sequences characterized in tubercle bacilli, 
as they are not components of the mosaic RLEP nor of REPLEP repeats (Cole 
et al., 2001), and do not exhibit relatedness to MIRUs, small intergenic 
sequences clustered at a few chromosomal sites extensively exploited as strain-
specific markers in M. tuberculosis (Supply et al., 2000).  
Bhal-1 and Clot-1 elements feature SLSs embedded in relatively 
conserved unstructured regions (Fig. 1). The REP 2 elements are internal to the 
homonymous 154 bp long sequence previously annotated in the genome of the 
Z2491 N. meningitidis strain (Parkhill at al., 2000). 
 
Type-I elements, group B 
This group includes elements which have been extensively characterized at the 
experimental level, such as the E. coli REPs (Higgins et al., 1988), and 
elements annotated, but not functionally analyzed, such as the P. putida REP 
(Aranda-Olmedo et al., 2002), the E. coli BoxC (Bachellier et al., 1999), the N. 
meningitidis dRS3 (Parkhill et al., 2000) and the R. conorii RPE6 (Ogata et al., 
2001) sequences, and two novel families emerging in this study, Bor-1 and Pae-
1, found in the chromosomes of Bordetellae and Pseudomonas aeruginosa, 
respectively. For clarity, in this study the abundant sequence repeats already 
described in E. coli, Salmonellae and P. putida as REPs have been renamed 
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EPU and PPU, for Enterobacterial and Pseudomonas palindromic units, 
respectively. 
Bor-1 elements contribute to ˜0.1% of the genome in all Bordetella 
species analyzed. In contrast, Pae-1 are species-specific units which make up 
˜0.07% of the P. aeruginosa chromosome. Homology searches failed to identify 
Pae-1 units in the genomes of other Pseudomonaceae. Consensus sequences and 
predicted secondary structures of type IB elements are shown in Fig. 2. 
Compensatory nucleotide changes at specific positions do not interfere with the 
base pairing of complementary segments, and allow sorting members of most 
type-IB element families into two to three predominant sequence subtypes (Fig. 
2). The Hofnung's lab nomenclature referring to Z and Y repeats has been 
conserved for EPU sequences (Bachellier et al., 1999). For the other repeats, the 
predominant sequence subtypes are referred to as a and b (Fig. 2). PPU repeats 
are extremely heterogeneous, nearly half of them fitting altogether the a (35%) 
and b (11%) consensus sequences reported in Fig. 2, the remaining  elements 
the minor c to h variants (not shown). 
A relevant fraction of type-IB elements is organized as dimers, i.e. 
repeats reiterated at a ˜10-100 bp distance. This configuration creates the 
opportunity for dimers to fold, rather than as two separate hairpins, as an 
alternative, larger SLS in which the stem results from the pairing of the two 
individual units (Fig. 2).  
In a fraction of the dimers, units are separated by one or a few specific spacer 
sequences. In other instances, the spacer varies both in length and base 
composition. In the same genome, different classes of dimers may coexist (Fig. 
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3). The dimerized elements belong to the same or different sequence subtype. 
Bor-1 and RPE6 repeat families feature both classes of dimers. In contrast, all 
EPU dimers result from the combination of Y and either Z1 or Z2 subtype 
elements (Fig. 3). PPU, BoxC and Pae-1 dimers are also exclusively formed by 
units of different subtypes. Dimers may be formed by units in either head-to-
head (convergent elements) or tail-to-tail (divergent elements) configuration. 
According to the nomenclature in use (Bachellier et al., 1999) the distal end (or 
head) of EPU features the tetranucleotide CTAC, not engaged in base pairing 
(Fig. 2), and the convergently oriented Y and Z1 units, and the divergently 
oriented Y and Z2 units make up the known EPU dimers described as BIME-1 
and BIME-2 repeats, respectively (Espeli and Boccard, 1997). Dimers formed 
by either convergent or divergent Pae-1 and PPU, which also feature the CTAC 
tetranucleotide at one terminus, have been identified.  
Within each species, a fraction of type-IB elements are clustered as 
arrays. Single repeats, reiterated in tandem in a head-to-tail configuration, and 
dimers, are found clustered at different loci. Pae-1 dimers are invariably 
reiterated together with a variable (20 to 120 bp) amount of flanking DNA. In 
clusters formed by elements of the EPU and Bor-1 families, in contrast, just the 
sequence of the repeat is duplicated. Yet, flanking DNA is reiterated with EPU 
sequences at three loci in the E. coli K 12 chromosome 
(http://www.pasteur.fr/recherche/unites/pmtg/repet/index.html), suggesting that 
repeats of the same type may undergo different patterns of amplification.  
The relative abundance of single, dimeric and clustered elements varies widely 
among type-IB repeat families (Fig. 3). Single units constitute a minor fraction 
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of the EPU family, most family members being found as dimers (44%) and 
clusters (41%). In contrast, PPU elements are never found in clusters, and the 
repeat family is formed by only single (25%) and dimeric (75%) repeats. R. 
conorii RPE6 and N. meningitidis dRS3 repeats are, but for a few changes in 
the loop region, identical (Fig. 2). However, the two repeat families exhibit a 
quite different genomic organization. RPE6 are found as single units or dimers 
featuring a few alternative spacer sequences (Fig. 3). In contrast, about 90% of 
dRS3 elements are found interleaved with >30 different RSs (repeat sequences), 
the most frequently ones being RSs 13, 14, 17, 25 and 26, in the large 
composite intergenic regions called NIMEs (Parkhill et al., 2000). Actually, 
NIMEs can be viewed as a scrambled collection of dRS3 dimers, featuring 
specific repeats as spacers. Taking into account the relatedness to RPE6, dRS3 
are larger than the units annotated in the genome of the Z2491 N. meningitidis 
strain (Parkhill et al., 2000), and the sizes of their flanking repeats accordingly 
reduced.  
 
Type-II elements, group A 
Type-IIA elements typically feature a long base paired region, interrupted by 
one or more internal loops or bulges, closed by 15-18 bp TIRs. This structure is 
almost invariably framed by target site duplications (TSDs) of variable length, 
indicative of their origin as mobile sequences. Members of most type-IIA 
families characteristically retain the same termini, but often vary at the closed 
end of the stem loop, resulting in different sizes because of deletion/insertions 
of specific internal segments. Most type-IIA repeats have been extensively 
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analyzed (Oggioni and Claverys, 1999; Mazzone et al., 2001; Brugger et al., 
2002; Mràzek et al., 2002; Claverie and Ogata, 2003; Okstad et al., 2004; De 
Gregorio et al., 2005; De Gregorio et al., 2006; Knutsen et al., 2006).  
In our study, we have identified three novel type-IIA-like elements: 
Sal-1, Cod-1, and Clop-1. Sal-1 repeats feature 15 bp long stems, and range in 
size from 151 to 212 bp, length heterogeneity being due to the presence/absence 
of a 61 bp long central DNA segment (Fig. 4). In this figure is reported the 
folding of 119 bp long Sal-1 consensus sequence because of no base 
conservation in all Sal-1 members at right terminus. Sal-1 repeats are restricted 
to the genus Salmonella, with the largest (20 members) Sal-1 family found in S. 
typhimurium LT2 strain. The alignment of homologous chromosomal regions 
carrying a member of the Sal-1 family in S. typhimurium, but lacking it in S. 
typhi, led to delimit the ends of Sal-I elements, and establish that their insertion 
induces the formation of 3 bp long TSDs, which match the consensus sequence 
TWA (data not shown).  
Cod-1 and Clop-1 do not feature TSDs, and are restricted to the 
genomes of C. diphteriae and C. perfringens, respectively. Cod-1 elements 
consist of a 95 bp SLS featuring a 19-20 bp long stem. Careful manual analysis 
of Clop-1 family revealed that, in addition to the previously reported 26 
elements, which measure 67 bp, a larger number (33 elements) may be 
observed which include additional segments bringing the total size to 199-265 
bp. The insertion consists of two conserved 66 and 55 bp segments, separated 
by two alternative DNA tracts (lowercase residues in brackets in Fig. 5 
measuring 78 bp (11 elements) or 12 bp (22 elements). These insertion modules 
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are unable to fold into a secondary structure and disrupt the overall Clop-1 
structure.  
 
Type-II elements, group B  
This repeat subset includes only two sequence types, Bru-RS and EFAR, both 
predicted to fold as a complex structure, which includes two long, base paired 
structures of different sequence, joined by an unstructured connector (Fig. 6). 
Interestingly, these structures tend to have short inverted repeats at the very 
ends, which are not part of the predicted structure. Such terminal repeats have 
previously been noted in the original description of the Bru-RS family (Halling 
and Bricker, 1994). Bru-RS elements come in two 65% homologous variants, 
Bru-RS1 and Bru-RS2, which measure 103 and 105 bp, respectively. Some 
Bru-RS2 feature 42 bp DNA insertions (see large Bru-RS2 in Fig. 7). The Bru-
RS elements found in the genome of most Brucella species are homogeneously 
distributed on the two chromosomes, two-thirds being located on chromosome I 
(˜2,1 Mb), and the rest on chromosome II (1.1 Mb). Although Brucellae share 
sequence identity over 94% (Chain et al. 2005), the genome of B. melitensis 
16M strain contains an unusual number of BRU-RS elements, about two times 
higher than in the other species. This excess is mostly concentrated in 
chromosome I, and consists of a selective over-representation of the BRU-RS2 
subtype; BRU-RS1 elements show only a minimal increase.  
EFAR repeats are predicted to fold into a complex secondary 
structures, which results from the combination of a stable short SLS with a long 
double-stranded region. The identification in silico of EFAR units spanning just 
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the short SLS supports the notion that EFAR derive from the fusion of 
independent SLSs (Venditti et al., 2007). 
 
Organization and characterization of three SLS families 
During the period of doctorate I were interested at study of organization and at 
possible functional role of two type-IIA families, ERIC and YPAL located in 
Yersiniae and previously described in literature, and one of type IIB family, 
EFAR sequences, a novel class of DNA repetitive sequences, identificated by 
our systematic analysis in the E. faecalis V583 chromosome. Structural and 
functional features of these families are summarized below. 
ERIC elements comes in three different size (De Gregorio et al., 2005). 
Unit-length ERICs are 127 bp; shorter elements measure ~70 bp, lacking a 50-
bp-long internal segment and larger elements are interrupted at specific sites by 
three different types of DNA insertions (Fig. 9A). In contrast both YPALs and 
EFARs have a modular organization, being made by a combination of 9 and 16 
modules respectively (De Gregorio et al., 2006, Venditti et al., 2007). Thus they 
vary in size from 130 to 210 bp and from 42 to 650 bp respectively (Fig. 9B 
and 9C). 
ERICs and YPALs are more similar than EFARs, because they may fold, at 
RNA level, in stable canonical SLS (Fig. 6 and Fig. 10). All these families 
partly resemble MITEs, small noncodogenic sequences, which also fold into 
secondary structures. MITEs feature long TIRs, and their mobilization is 
mediated by transposases encoded by ISs featuring similar TIRs (Oggioni and 
Claverys, 1999; Brugger et al, 2002; De Gregorio et al., 2003). ERICs feature 
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long TIRs and can fold as RNA into single hairpin structures. YPAL repeats do 
not feature long TIRs, but their preferential insertion into regions of dyad 
symmetry contributes to stabilize their ends by forming longer complementary 
tracts at their termini. Intriguingly many YPAL targets overlap rho-independent 
transcriptional terminator-like sequences. This conclusion was supported both 
by the presence of runs of thymidines immediately next to palindromes targeted 
by YPAL and by the finding that most tergets were found located next to the 
stop codon of annotated ORFs in sequenced Yersinia genomes. (De Gregorio et 
al., 2006). From the alignment of DNA regions from the wholly sequenced Y. 
enterocolitica 8081 and Y. pestis CO92 strains, we could establish that insertion 
of ERIC elements leads to duplication of the dinucleotide TA while the 
genomic spread of YPALs, occurred via transposition, was supported by the 
presence at their termini of TSD which vary in both sequence and size (from 3 
to 26 bp). In contrast, EFAR lack TIRs and seem to transpose by an unusual 
cut-and-paste process. Most EFAR elements measure 170 bp, and can fold into 
peculiar L-shaped structures in which a short SLS1 and a long SLS2 are 
separated by 20 nt single stranded region. Homologous chromosomal regions 
lacking or containing EFAR sequences were identified by PCR among 20 E. 
faecalis clinical isolates of different genotypes (Venditti et al., 2007). Like 
YPAL elements, sequencing of a representative set of ‘empty’ sites revealed 
that 24–37 bp long sequences, unrelated to each other but all able to fold into 
SLSs, functioned as targets for the integration of EFAR. In the process, most of 
the SLSs had been deleted, but part of the targeted stems had been retained at 
EFAR termini. 
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Interspersion analyses with coding regions revealed that most elements 
of the three DNA repetitive families analyzed tend to be inserted closely 
downstream from the stop codon of flanking genes. The proximity to coding 
regions suggests that most ERICs, YPALs and EFARs are co-transcribed with 
flanking genes. To this end experimental procedures were setting up for ERIC 
and YPAL repeats. Whole in silico surveys surprisingly revealed a privileged 
orientation of ERIC sequences relative to their position in the mRNA. ERICs 
which either overlap or are located next to stop codons are preferentially 
inserted in the same (or B) orientation. In contrast, ERICs located far apart from 
open reading frames are inserted in the opposite (or A) orientation. The 
expression of genes cotranscribed with A- and B-oriented ERICs has been 
monitored in vivo (De Gregorio et al. 2005). In mRNAs spanning B-oriented 
ERICs, upstream gene transcripts accumulated at lower levels than downstream 
gene transcripts. This difference was abolished by treating cells with 
chloramphenicol. We hypothesize that folding of B-oriented elements is 
impeded by translating ribosomes. Consequently, upstream RNA degradation is 
triggered by the unmasking of a site for the RNase E located in the right-hand 
TIR of ERICs (Fig. 11). A-oriented ERICs may act in contrast as upstream 
RNA stabilizers or may have other functions. The hypothesis that ERICs act as 
regulatory RNA elements is supported by analyses carried out in Yersinia 
strains which either lack ERIC sequences or carry alternatively oriented ERICs 
at specific loci. Similarly to ERICs, YPAL RNAs fold into stable hairpins 
which may modulate mRNA decay. Accordingly, we found that YPAL-positive 
transcripts accumulate in Yersinia enterocolitica cells at significantly higher 
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levels than homologous transcripts lacking YPAL sequences in their 3’ 
untranslated region (De Gregorio et al., 2006). 
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DISCUSSION 
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In addition to transposons and insertion sequences, different classes of 
repetitive DNA are present in prokaryotic genomes. Many of these are able to 
fold into SLSs and their functional role is unknown or partially note. In this 
study we have interested in the search of repeated DNA sequences in bacterial 
chromosomes. By our analyses we have observed that the number of predicted 
SLSs is significantly higher in prokaryotic genomes existing in nature than in 
random sequences of comparable GC content (Petrillo et al., 2006). This 
implies that the ability of a variety of sequences to fold into secondary 
structures, either at the DNA or RNA level, is positively selected in prokaryotic 
genomes, and may have functional significance. Some SLSs-containing 
sequences resulted to be members of repeated DNA families (Cozzuto et al., 
2007). Some of them have been extensively analyzed experimentally, while 
others have been only reported, or are completely novel. The identification of 
repeated palindromic sequences is typically biased by the chosen screening 
constraints. In our studies, limiting the search to SLSs, featuring stems of 
defined minimal lengths and mismatches (Cozzuto et al., 2007), prevented the 
identification of a small number of palindromic sequences such as the E. coli 29 
bp repeats (Bachellier et al., 1999), and some of the RPEs found in R. conorii 
(Ogata et al., 2001). Likewise, previous searches (Tobes and Ramos, 2005) for 
abundant intergenic repeats yielded several families reported in this study, but 
failed to identify the abundant family of Bor-1 elements in Bordetellae. The 
observed objects vary extensively in size and number, but remarkably may be 
assigned to a restricted number of sequence classes. According to the features 
of their secondary structure, the repeats may be grouped into type-I and type-II 
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elements. The size of the conserved stem-loop contained in both type-I and 
type-II elements falls in a few, narrow length windows. Type-I elements feature 
stem loops measuring either 30 to 40, or ˜60 nt. The stem-loops in type-II 
elements are more heterogeneous in length, but most of them fall into discrete 
size classes (see Table I). A tighter classification may take into account the 
relatedness exhibited by specific repeats. dRS3 and RPE6 are likely related by 
descent (see Fig. 2). The identification of variants of one single type of repeat 
in the genome of microrganisms as distant as N. meningitidis and R. conorii 
mirably illustrates how the lateral gene transfer may have contributed to the 
reshaping of bacterial chromosomes during evolution. It is plausible to 
hypothesize that dRS3 elements evolved from repeats imported from 
Rickettsiae, and not viceversa, as Neisseriae are prone to acquire exogenous 
DNA by transformation. The event must have occurred prior to Neisseriae 
speciation, since dRS3 are also found in the genomes of N. gonhorroeae and N. 
lactamica species. BLAST analyses failed to identify sequences homologous to 
other R. conorii repeats in Neisseriae or to other bacterial species. 
EPU, PPU and Pae-1 repeats, although exhibiting poor homology to 
each other, intriguingly share the same tetranucleotide CTAC (or GTAG, on the 
opposite strand), at one terminus (Fig 2). We speculate that these elements are 
members of a large super-family of repeats spread in gamma-proteobacteria, 
and that DNA-binding proteins, able to recognize the terminal CTAC/GTAG 
sequences, may account for their spreading, and/or provide them a role. EPUs 
have been shown to interact with the DNA gyrase, but CTAC/GTAG sequences 
are not targeted by the enzyme (Espeli and Boccard, 1997). The hypothesis that 
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these elements form a superfamily gains support from the identification in the 
genomes of several Pseudomonaceae and Xanthomonaceae (Tobes and Pareja, 
2005; Feil et al., 2005, P.P. Di Nocera, unpublished results) of type-IB 
elements, which are predominantly organized as dimers, and similarly feature 
CTAC/GTAG sequences at their termini. Bor-1 elements partly recall EPU and 
Pae-1 at the sequence level, but lack terminal CTAC/GTAG residues. It is 
difficult therefore to assess whether they are species-specific variants of the 
supposed superfamily, or represent a type of repeats arisen independently in 
Bordetellae.  
A significant fraction of type-IB elements is organized as dimers. 
Given the limited extent of base-pairing within monomers, the SLSs which 
have been pinned down by our searches are predominantly hairpins formed by 
the base-pairing elements forming the dimer. It is intriguing to note that most 
dimers result from the association of allelic repeats (Fig. 2). We do not have an 
answer for this finding, but dimers made up by sequence variants cannot fold 
into perfect stem-loop structures, and this may plausibly preserve them from 
being erased from the chromosome. As several dimers are located at the 3' end 
of transcriptional units, and are thus plausibly transcribed, the bulged hairpins 
formed by allelic units would be protected from cleavage by RNAseIII, an 
endoribonuclease known to recognize perfect stem-loop structures.  
The presence of conserved spacers suggests that some type-I dimers are 
privilegedly expanded sequences. The spacer of the EPU dimers known as 
BIME-1 binds IHF, a pleiotropic protein responsible for bending DNA. It had 
been proposed that IHF may assist EPU-gyrase interactions (Boccard and 
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Prentki, 1993), but the hypothesis had been ruled out by experiments in which 
EPUs containing or lacking the IHF site, were compared as topological 
insulators in vivo (Moulin et al., 2005). Plausibly, IHF has (or had) a role in the 
transposition of BIME-1, which are framed by target site duplications as typical 
mobile DNA sequences do, and analogous DNA-binding proteins may interact 
with the spacers of other conserved dimers.  
Type II elements were sorted into two main groups according to their 
secondary structures. This classification probably underlies their different 
evolutionary origin. Type-IIA elements are plausibly all deletion-derivatives of 
large, codogenic ISs. These progenitor elements, with the possible exception of 
RUPs (Oggioni and Claverys, 1999), are likely extinct, but enzymes encoded 
by unrelated ISs, able to recognize the TIRs, allow some type-IIA elements to 
transpose. Type-IIB elements, by contrast, plausibly derive from the adjoining 
of two independent SLSs. This hypothesis, supported by the identification of 
genomic intervals spanning single EFAR-SLS modules in E. faecalis (Venditti 
et al., 2007), is validated by the identification of homologous EFAR repeats in 
E. faecium which result from the assembly of alternative, independent SLS 
modules (De Gregorio, Silvestro and Di Nocera, in preparation).  
The pattern of the genomic distribution of SLS elements may provide 
hints on the functional role that distinct palindromic repeats may play. Known 
elements are frequently located at short distance from the stop (<30 bp) or the 
start (<50 bp) codon of flanking ORFs, or both. This implies that many SLS are 
transcribed, and may fold into secondary structures at the RNA level. The same 
picture can be drawn by looking at the interspersion pattern of a palindromic 
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element subset previously undescribed with coding sequences (Fig. 8A). It has 
been shown that RNA hairpins formed in the 5’- or the 3’-untranslated region 
may protect mRNAs from degradation, or enhance the process upon cleavage 
by specific endoribonucleases (De Gregorio et al., 2003; Rouquette-Loughlin, 
2004; De Gregorio et al., 2006). The presence of ribosomes may affect the 
formation of RNA hairpins. In Y. enterocolitica, we have observed that several 
ERIC elements are located between genes transcribed unidirectionally. The 
distance from the stop codon of the upstream ORF determines whether these 
elements fold into a secondary structure, and this ultimately influences the 
relative stability of upstream and downstream mRNA segments (De Gregorio et 
al., 2005). Similarly YPALs are frequently located at the 3’ ends of Yersinia 
genes and often between genes transcribed in a convergent manner. By in vivo 
and in vitro assays we have showed that YPALs may impede the degradosome 
and they might also stimulate degradation of some mRNAs in which they are 
embedded (De Gregorio et al., 2006).  
Several Bru-RS and Pae-1 repeats are at close distance from the stop 
codons of upstream ORFs (Fig. 8A). The stop codons are actually provided by 
the termini of the elements, which feature TAG triplets, in 25/51 cases for Bru-
RS, and 13/44 cases for Pae-1. A ribosome temporarily stalled at the stop codon 
may interfere with the folding of either one of the two SLSs featured by Bru-
RS. This may have relevance in view of the hypothesis, supported by assays 
carried out with EFAR repeats, that transcripts spanning type-IIB elements may 
be processed at the SLSs junction (De Gregorio, Silvestro and Di Nocera, in 
preparation). In the case of Pae-1 elements, which are mostly organized as 
35 
 
dimers, the ribosome, by interfering with the folding of one repeat, may force 
both repeats to fold into a single, large SLS which may have regulatory 
function (Fig. 8B).  
Future investigations will provide a more articulate knowledge of the 
structure, folding properties, and pattern of interspersion of palindromic 
sequence repeats present in the prokaryotic world. Available informations 
alredy let to design experiments aimed to assess the function of specific SLS-
containing repeats, and thus possibly predict the role of a larger number of 
structurally related sequences scattered, in the same chromosomal environment, 
as single-copy units.  
36 
 
 
 
 
 
 
 
 
REFERENCES 
37 
 
Achaz G, Coissac E, Netter P, Rocha EP. 
Associations between inverted repeats and the structural evolution of bacterial 
genomes.  
Genetics 2003, 164:1279-1289. 
 
Altschul, SF, Gish, W, Miller, W, Myers, EW, Lipman, DJ. 
Basic local alignment search tool.  
J. Mol. Biol. 1990, 215:403-410. 
 
Aranda-Olmedo I, Tobes R, Manzanera M, Ramos JL, Marques S.  
Species-specific repetitive extragenic palindromic (REP) sequences in 
Pseudomonas putida.  
Nucleic Acids Res. 2002 Apr 15;30(8):1826-33.  
 
Audit B, Ouzounis CA.  
From genes to genomes, universal scale-invariant properties of microbial 
chromosome organisation.  
J Mol Biol 2003, 332:617-633.  
 
Bachellier S, Clement JM, Hofnung M.  
Short palindromic repetitive DNA elements in enterobacteria: a survey.  
Res Microbiol. 1999 150:627-639.  
 
 
38 
 
Bateman A, Birney E, Durbin R, Eddy SR, Finn RD, Sonnhammer EL.  
Pfam 3.1: 1313 multiple alignments and profile HMMs match the majority of 
proteins.  
Nucleic Acids Res. 1999, 27:260-262. 
 
Boccard F, Prentki P.  
Specific interaction of IHF with RIBs, a class of bacterial repetitive DNA 
elements located at the 3' end of transcription units.  
EMBO J. 1993 12: 5019-5027.  
 
Bonnet E, Wuyts J, Rouze P, Van de Peer Y.  
Evidence that microRNA precursors, unlike other non-coding RNAs, have 
lower folding free energies than random sequences.  
Bioinformatics 2004 20: 2911-2917. 
 
Brugger K, Redder P, She Q, Confalonieri F, Zivanovic Y, Garrett RA.  
Mobile elements in archaeal genomes.  
FEMS Microbiol Lett. 2002 206:131-141. 
 
 
 
 
 
39 
 
Chain PS, Carniel E, Larimer FW, Lamerdin J, Stoutland PO, Regala WM, 
Georgescu AM, Vergez LM, Land ML, Motin VL, Brubaker RR, Fowler J, 
Hinnebusch J, Marceau M, Medigue C, Simonet M, Chenal-Francisque V, 
Souza B, Dacheux D, Elliott JM, Derbise A, Hauser LJ, Garcia E.  
Insights into the evolution of Yersinia pestis through whole-genome 
comparison with Yersinia pseudotuberculosis.  
Proc Natl Acad Sci U S A 2004, 101:13826-13831. 
 
Chain PS, Comerci DJ, Tolmasky ME, Larimer FW, Malfatti SA, Vergez LM, 
Aguero F, Land ML, Ugalde RA, Garcia E.  
Whole-genome analyses of speciation events in pathogenic Brucellae.  
Infect Immun. 2005 73:8353-8361. 
 
Claverie JM, Ogata H.  
The insertion of palindromic repeats in the evolution of proteins.  
Trends Biochem. Sci. 2003 28:75-80.  
 
Cole ST, Supply P, Honore N.  
Repetitive sequences in Mycobacterium leprae and their impact on genome 
plasticity.  
Lepr Rev. 2001 72:449-461. 
 
40 
 
Cozzuto, L, Petrillo, M., Silvestro, G, Di Nocera P.P. and Paolella, G. 
Systematic identification of stem-loop containing sequence families in bacterial 
genomes.  
BMC Genomics 2007, in press 
 
De Gregorio, E., Abrescia, C., Carlomagno. M. S. and P.P. Di Nocera. 2002. 
The abundant class of nemis repeats provides RNA substrates for ribonuclease 
III in Neisseriae. 
Biochim Biophys Acta 2002. 1576: 39-44. 
 
De Gregorio E, Abrescia C, Carlomagno MS, Di Nocera PP.  
Ribonuclease III-mediated processing of specific Neisseria meningitidis 
mRNAs.  
Biochem J. 2003, 374:799-805. 
 
De Gregorio E, Silvestro G, Petrillo M, Carlomagno MS, Di Nocera PP. 
Enterobacterial repetitive intergenic consensus sequence repeats in Yersiniae: 
genomic organization and functional properties.  
J Bacteriol. 2005 187:7945-7954.  
 
De Gregorio E, Silvestro G, Venditti R, Carlomagno MS, Di Nocera PP. 
Structural organization and functional properties of miniature DNA insertion 
sequences in Yersiniae.  
J Bacteriol. 2006 188:7876-7884.  
41 
 
Enright AJ, Van Dongen S, Ouzounis CA.  
An efficient algorithm for large-scale detection of protein families.  
Nucleic Acids Res. 2002, 30:1575-1584. 
 
Espeli O, Boccard F.  
In vivo cleavage of Escherichia coli BIME-2 repeats by DNA gyrase: genetic 
characterization of the target and identification of the cut site.  
Mol Microbiol. 1997 26:767-777. 
 
Feil H, Feil WS, Chain P, Larimer F, DiBartolo G, Copeland A, Lykidis A, 
Trong S, Nolan M, Goltsman E, Thiel J, Malfatti S, Loper JE, Lapidus A, 
Detter JC, Land M, Richardson PM, Kyrpides NC, Ivanova N, Lindow SE. 
Comparison of the complete genome sequences of Pseudomonas syringae pv. 
syringae B728a and pv. tomato DC3000.  
Proc Natl Acad Sci U S A. 2005 102:11064-11069. 
 
Feschotte C, Jiang N, Wessler SR.  
Plant transposable elements: where genetics meets genomics.  
Nat Rev Genet. 2002 3:329-341.  
 
Frank AC, Amiri H, Andersson SG.  
Genome deterioration, loss of repeated sequences and accumulation of junk 
DNA.  
Genetica 2002, 115:1-12. 
42 
 
Halling SM, Bricker BJ.  
Characterization and occurrence of two repeated palindromic DNA elements of 
Brucella spp.: Bru-RS1 and Bru-RS2.  
Mol Microbiol. 1994 14: 681-689. 
 
Higgins CF, McLaren RS, Newbury SF.  
Repetitive extragenic palindromic sequences, mRNA stability and gene 
expression: evolution by gene conversion? A review.  
Gene 1988, 72:3-14. 
 
Knutsen E, Johnsborg O, Quentin Y, Claverys JP, Havarstein LS.  
BOX elements modulate gene expression in Streptococcus pneumoniae: impact 
on the fine-tuning of competence development.  
J Bacteriol. 2006 88:8307-8312. 
 
Macke TJ, Ecker DJ, Gutell RR, Gautheret D, Case DA, Sampath R. 
RNAMotif, an RNA secondary structure definition and search algorithm. 
Nucleic Acids Res 2001, 29:4724-4735. 
 
Mahillon J., Leonard C., Chandler M. 
IS elements as constituents of bacterial genomes. 
Res Microbiol. 1999 150, 675-687. 
 
 
43 
 
Mathews DH, Sabina J, Zuker M, Turner DH.  
Expanded sequence dependence of thermodynamic parameters provides robust 
prediction of rna secondary structure.  
J Mol Biol 1999, 288:910-940. 
 
Mazzone M, De Gregorio E, Lavitola A, Pagliarulo C, Alifano P, Di Nocera 
PP.  
Whole-genome organization and functional properties of miniature DNA 
insertion sequences conserved in pathogenic Neisseriae.  
Gene. 2001 278:211-222.  
 
Moulin L, Rahmouni AR, Boccard F.  
Topological insulators inhibit diffusion of transcription-induced positive 
supercoils in the chromosome of Escherichia coli.  
Mol Microbiol. 2005. 55:601-610.  
 
Mràzek J, Gaynon LH, Karlin S.  
Frequent oligonucleotide motifs in genomes of three streptococci. Nucleic 
Acids Res. 2002 30:4216-4221. 
 
Ogata H, Audic S, Renesto-Audiffren P, Fournier PE, Barbe V, Samson D, 
Roux V, Cossart P, Weissenbach J, Claverie JM, Raoult D.  
Mechanisms of evolution in Rickettsia conorii and R. prowazekii.  
Science. 2001 293 :2093-2098 
44 
 
Oggioni MR, Claverys JP.  
Repeated extragenic sequences in prokaryotic genomes: a proposal for the 
origin and dynamics of the RUP element in Streptococcus pneumoniae. 
Microbiology. 1999 145 :2647-2653. 
 
Okstad OA, Tourasse NJ, Stabell FB, Sundfaer CK, Egge-Jacobsen W, Risoen 
PA, Read TD, Kolsto AB.  
The bcr1 DNA repeat element is specific to the Bacillus cereus group and 
exhibits mobile element characteristics.  
J Bacteriol. 2004 186:7714-7725.  
 
Parkhill J, Achtman M, James KD, Bentley SD, Churcher C, Klee SR, Morelli 
G, Basham D, Brown D, Chillingworth T et al:  
Complete DNA sequence of a serogroup A strain of Neisseria meningitidis 
Z2491.  
Nature 2000, 404:502-506. 
 
Petrillo M, Silvestro G, Di Nocera PP, Boccia A, Paolella G.  
Stem-loop structures in prokaryotic genomes.  
BMC Genomics. 2006 7:170  
 
Rocha EP, Danchin A.  
Gene essentiality determines chromosome organisation in bacteria.  
Nucleic Acids Res 2003, 31:6570-6577. 
45 
 
Rocha EP.  
Inference and analysis of the relative stability of bacterial chromosomes.  
Mol Biol Evol. 2006, 23:513-522. 
 
Rouquette-Loughlin CE, Balthazar JT, Hill SA, Shafer WM.  
Modulation of the mtrCDE-encoded efflux pump gene complex of Neisseria 
meningitidis due to a Correia element insertion sequence.  
Mol Microbiol. 2004 54:731-741. 
 
RicBase Rickettsia genome database  
[http://igs-server.cnrs-mrs.fr/mgdb/Rickettsia] 
 
Supply P, Mazars E, Lesjean S, Vincent V, Gicquel B, Locht C.  
Variable human minisatellite-like regions in the Mycobacterium tuberculosis 
genome.  
Mol Microbiol. 2000 36:762-771 
 
Tobes R, Ramos JL.  
REP code: defining bacterial identity in extragenic space.  
Environ Microbiol. 2005 7:225-228. 
 
 
 
 
46 
 
Tobes R, Pareja E.  
Repetitive extragenic palindromic sequences in the Pseudomonas syringae pv. 
tomato DC3000 genome: extragenic signals for genome reannotation.  
Res Microbiol. 2005 156:424-433. 
 
van Belkum A, van Leeuwen W, Scherer S, Verbrugh H.  
Occurrence and structure-function relationship of pentameric short sequence 
repeats in microbial genomes.  
Res Microbiol 1999, 150:617-626. 
 
Venditti R, De Gregorio E, Silvestro G, Bertocco T, Salza MF, Zarrilli R, Di 
Nocera PP.  
A novel class of small repetitive DNA sequences in Enterococcus faecalis. 
FEMS Microbiol Lett. 2007 271:193-201. 
 
Washietl S, Hofacker IL, Stadler PF.  
Fast and reliable prediction of noncoding RNAs.  
Proc. Natl. Acad. Sci. U. S. A. 2005, 102:2454-2459. 
 
Yang Y, Ames GF.  
DNA gyrase binds to the family of prokaryotic repetitive extragenic 
palindromic sequences.  
Proc. Natl. Acad. Sci. U S A. 1988, 85:8850-8854.  
 
47 
 
 
 
 
 
 
 
 
TABLES AND FIGURES 
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Table I. Families of SLS-containing repeated 
sequences. The size  of repeats, TIRs and TSDs  are 
in bp. Repeats may fold into simple (s) or complex 
(c) structure (column A) 
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